Magnetization and 63 Cu NMR-NQR relaxation measurements are used to study the superconducting fluctuations in YBa 2 Cu 3 O 6+x (YBCO) oriented powders. In optimally doped YBCO the fluctuating negative magnetization M f l (H, T ) is rather well described by an anisotropic Ginzburg-Landau (GL) functional and the curves M f l / √ H cross at T c . In underdoped YBCO, instead, over a wide temperature range an anomalous diamagnetism is observed, stronger than in the optimally doped compound by about an order of magnitude. The field and temperature dependences of M f l cannot be described either by an anisotropic GL functional or on the basis of scaling arguments.
I. INTRODUCTION
The superconducting transition in conventional superconductors is rather well described by mean field theories, essentially because in the coherence volume ξ 3 a large number of pairs is present. On the contrary, in cuprate superconductors the small coherence length ξ, the reduced carrier density, the marked anisotropy and the high transition temperature T c strongly enhance the superconducting fluctuations (SF). In a wide temperature range, which can extend up to 10 or 15 K above T c , a variety of phenomena related to SF 1-3 can be detected by several experiments such as specific heat 4 , thermal expansion 5 , penetration depth 6 , conductivity 7 and magnetization 8 measurements. Also NMR-NQR relaxation has been used to detect SF [9] [10] [11] [12] [13] . Recently the field dependence of the NMR relaxation rate W and of the Knight shift have been studied, by varying the magnetic field from 2 up to 24 Of particular interest is the role of SF in underdoped high temperature superconductors.
In fact, in these compounds one has the peculiar phenomena of the opening, at T * ≫ T c , of a spin gap (as evidenced by NMR and neutron scattering) and of a pseudo-gap (as indicated by transport and ARPES experiments) [16] [17] [18] . These gaps, which are possibly connected 19 , have been variously related to SF of particular character [20] [21] [22] .
In this paper magnetization and 63 Cu(2) NMR-NQR relaxation measurements in underdoped YBCO are reported and compared with the ones in the optimally doped compound.
The magnetization data yield information on the fluctuating diamagnetism (FD), while the nuclear relaxation rates W convey insights on the effects of SF on the k-integrated spin susceptibility in the zero frequency limit.
The paper is organized as follows. In Sect. II some basic equations describing SF and FD are recalled. After some experimental details (Sect. II), in Sect. III the experimental findings and their analysis are presented, with emphasis on the effect of the field on W and on the behavior of the diamagnetic magnetization in chain-ordered underdoped YBCO. The main results and conclusions are summarized in Sect. IV.
II. THEORETICAL FRAMEWORK AND BASIC EQUATIONS
Because of SF the number of Cooper pairs per unit volume, which is given by the average value of the square of the modulus of the order parameter < |ψ| 2 >, is different from zero above T c . In the time-dependent Ginzburg-Landau (GL) description 2,3 the collective amplitudes and the correspondent decay times of SF are given by
where
the role of the Fourier components of the average number of pairs per unit volume, while τ k is the correspondent relaxation time.
Fluctuating pairs can give rise to a diamagnetic magnetization above T c . The diamagnetic magnetization M f l in general is not linear in the field H. The curves M f l vs. H and M f l vs. T can be tentatively analized by generalizing the Lawrence-Doniach model, using the free energy functional 23,24
where the last term takes into account the tunneling coupling between adjacent layers. From
Eq. 2, deriving the free energy in the presence of the field and by means of a numerical derivation (M f l = −∂F/∂H), one can obtain the fluctuating magnetization. 
where < A k > is an average form factor for Cu nuclei and τ k = J k (0) an effective spectral density 16, 30 . SF modify the static spin susceptibility χ spin (0, 0) and the effective correlation time k τ k in Eq. 3. From Eq.1 the in-plane density of pairs is
and therefore the SF imply
For the dynamical part in Eq. 3, the DOS contribution can be obtained by averaging over the BZ the collective correlation time in Eq. 1:
in the dirty limit, differing from the exact calculation 15 only by a small numerical factor. τ is the electron collision time. The MT contribution has to be evaluated in the framework of diagrammatic theories 2 . The final result corresponds to the 2D-average over the BZ of a decay rate of diffusive character
phenomenologically accounting for phase breaking processes by adding in the decay rate a frequency τ φ −1 :
By indicating with W 0 the relaxation rate in the absence of SF and by neglecting the correction to χ spin (0, 0) (Eq. 4), from Eqs. 3, 5 and 6 the relaxation rate in 2D systems turns out
To extend this equation to a layered system, when dimensionality crossover (2D→ 3D) occurs, one has to substitute 2 ln(
is the interlayer distance). It is noted that the
MT contribution (first term in Eq. 7) is present only for s-wave orbital pairing, while it is averaged to almost zero for d-symmetry.
III. EXPERIMENTAL DETAILS
The measurements have been carried out in oriented powders of optimally doped YBCO in one chain-disordered underdoped and in two chain-ordered underdoped YBCO samples 31 The oxygen content in the underdoped compounds was close to 6.66, with sligth differences in T c . Electron diffraction microscopy evidenced the expected tripling of the a-axis, while resistivity measurements show a sharp transition with zero resistivity at T= 62 K and occurrence of paraconductivity below about 75 K 31 . Table I collects the main properties of the samples, as obtained from a combination of measurements.
The 63 Cu relaxation rates 2W ≡ T 1 −1 have been measured by standard pulse techniques.
In NQR the recovery towards the equilibrium after the saturation of the (± ) transition can be used to adjust the alignment and to monitor the spread in the orientation of the c-axis, the resonance frequency being shifted at the first order by the term eQV zz (3cos
to the quadrupole interaction ( θ angle of the c-axis with the field). From the width of the spectrum (Fig. 1a) the spread in the orientation of the c-axis appears within about two degrees.
The recovery law for the NMR satellite transition is
This law has been checked to fit well the experimental data (Fig. 1b) , proving the lack of background contamination due to other resonance lines.
The magnetization has been measured by means of a Metronique Ingegnerie SQUID magnetometer, on decreasing the temperature at constant field and, at selected temperatures, by varying H. The paramagnetic contribution to M was obtained from M vs H at T ≥ 110 K, where practically no fluctuating magnetization is present. Then M f l was derived by subtraction, singling out a small contribution from paramagnetic impurities. The paramagnetic susceptibility turns out little temperature dependent around T c and this dependence will be neglected in discussing the much stronger diamagnetic term. 
IV. RESULTS AND ANALYSIS
Let us first comment the data in optimally doped YBCO (Fig. 2a) . The comparison between the NMR and NQR W 's has been already discussed in previous papers 9, 10 . Here we only add a few comments motivated by more recents works 11, 13, 33 involving the remarkable aspect of the field dependence.
The NQR W can be compared to Eq. 7, by using the values 2 τ = 10 −14 s, τ φ = 2.10 
So both effects of increase and of decrease of W on increasing the magnetic field are possible, depending on the mean free path in the specific sample. If T τ < ∼ 0.1 the main correction to W is due to the MT term and one should observe W decreasing with increasing field, while if T τ > ∼ 0.1 the DOS correction becomes dominant and W is expected to increase.
As it appears from Fig. 2 the effect of the field for T ≥ T c (H = 0) is small, if any. It is noted that if Eq. 7 is applied to the underdoped compounds the reduction in the Fermi energy E F and the increase in the anisotropy (i.e. decrease of r) would imply a sizeable increase in W SF . This enhancement in the underdoped compounds does not occur (see (Fig. 6 ). These anomalies are more manifested in the chain ordered compound, as it can be realized from the peculiar shape of the isothermal magnetization vs. H (Fig. 7) . One could remark that a fraction of a few percent of non-percolating local superconducting regions can account for the absolute value of the diamagnetic susceptibility and for the shape of the magnetization curves. A trivial chemical inhomogeneity could be suspected. The fact that the anomalous diamagnetism has been observed in three samples differently prepared and since it is strongly enhanced in the chain-ordered ones, supports the intrinsic origin of the phenomenon. Recent theories 35, 36 have discussed how a distribution of local superconducting temperatures, related to charge inhomogeneities, can cause anomalous diamagnetic effects.
Mesoscopic charge inhomogeneities have been predicted on the basis of various theoretical approaches 21, 38 . In underdoped compounds one could expect the occurrence of preformed Cooper pairs causing "local" superconductivity lacking of long-range phase coherence. An inhomogeneous distribution of carriers, on a mesoscopic scale, is supported by ab plane optical conductivity 37 and it is the basic ingredient of the stripes model 39 . Since the anomalous diamagnetism is enhanced in chain-ordered underdoped YBCO one is tempted to relate it to the presence of stripes. The insurgence of phase coherence among adjacent charge-rich regions can qualitatively be expected to yield strong screening above the bulk superconducting temperature 35, 36, 40 . Therefore, one could phenomenologically describe the role of SF in Tesla, in agreement with a theoretical estimate of the effect of the magnetic field. Another conclusion drawn from the field and temperature dependences of the 63 Cu relaxation rate is that the spin gap does not depend on the magnetic field and that the behavior of the spin susceptibility for T ≫ T c cannot be ascribed to SF of GL character.
The fluctuating diamagnetism observed in underdoped YBCO can be phenomenologically accounted for by the presence of charge inhomogeneities at mesoscopic level. The anomalies in the magnetization curves can be attributed to "locally superconducting" non-percolating drops, present above the bulk T c and favoured by chain ordering. 
